The objective of this study was to investigate causal associations between cattle farms' 22 management practices and reproductive disorders (abortion, stillbirth, retention of placenta, 23 metritis). Besides, direct causal associations between farms' management and reproductive 24 infections (Chlamydia abortus, Coxiella burnetii, and Neospora caninum), reproductive 25 disorders and infections were also investigated in this study. As a secondary objective, 26 constraints that affect the production in cattle farms were examined. The study was carried out 27 in the north-western (Una-Sana), western (Canton 10) and central part (Central Bosnia Canton) 28 of Bosnia and Herzegovina. A total of 201 farms were selected for participation. A semi-29 structured questionnaire-based interview was conducted among farmers/managers from 30 January 1 st to August 31 st , 2015. The 40 questions were divided into three groups: socio-31 demographic, management, and information on reproductive performances in cattle. 32 Supplementary questions were asked about the perceived primary constraints of the production. 33 A multivariable mixed-effects logistic regression was used to screen management factors for 34 potential statistical influence. All investigated outcomes were associated with farms' 35 management. The final multivariable models were merged into a Structural Equation Model 36 (SEM). The causal model was then specified graphically. The SEM model showed that herds 37 that experienced abortions (OR=4.3) and stillbirth (OR=6.7) were associated with N. caninum 38 seropositivity. Also, herds that experienced retention of placenta were strongly associated with 39 the occurrence of metritis (OR=10.1). C. abortus and C. burnetii herd seropositivities were 40 mainly associated with environmental factors and contact with potential intermediate hosts.
4 Introduction 138 N. caninum has not been implemented in BH, and hence, seropositive animals were considered 139 to be naturally infected. Details of this serological survey are given in a former companion 140 publication [6] . In the current study, we used the herd classification (presence or absence) for 141 these agents based on prior publication.
142
Reproductive outcomes (questionnaire) 143 The questionnaire was developed to collect information about management factors and 144 reproductive underperformance in selected farms. Subsequently, the questionnaire was pre-145 tested in a small number of farms (n=5). After the pre-testing, the questionnaire was 146 administered through a visit and an in-person interview with the farmer, made by the first 147 author. The 40 questions were divided into three groups: socio-demographic information, 148 management information, and information about reproductive performances in cattle. This 149 questionnaire was also used in the previous paper [6] , and may be found under this paper 150 (https://bmcvetres.biomedcentral.com/articles/10.1186/s12917-018-1361-z). Supplementary 151 rating questions were asked about the perceived primary constraints of the production. The pre-152 defined scale was based on Likert five-point scale (from "never" to "almost always") [15] .
153
Variables 154 The primary reproduction outcomes defined in the present study were abortion, stillbirth, 155 retention of placenta and metritis. Abortion was defined as any termination of the pregnancy 156 after its confirmation by transrectal palpation or no return to oestrus. Transrectal palpation was 162 discharge, which was documented and treated by the veterinarian. We were not able to extract 163 figures on the frequency of reproductive outcomes in each farm and had to rely upon 164 information about farms' and veterinarians written records in the period of five years. 165 The infectious outcomes defined in the current study were C. abortus, C. burnetii and N. 166 caninum serostatus in the selected farms, based on results of our previous study [6] . Also, 167 seropositivity to the listed reproductive infections was considered as an exposure factor for the 168 occurrence of the aforementioned reproductive outcomes. Management-related factors were 169 defined as potential predictors for both reproductive outcomes and reproductive diseases. A 170 detailed description of all management-related factors investigated in this study is given in 171 Tables 1-5. Further, the full list of management factors established as candidate variables is 172 given in Table 6 .
173
Databases and statistical analyses 174 The questionnaire data were entered into a Microsoft Excel ® spreadsheet before inspected and 175 merged with data from the previously reported serological survey (Softic et al., 2018) were screened for their influence on abortion, stillbirths, retained placenta and metritis, as well 183 as, infectious agents. As all reproduction and infection outcomes were coded as present/ absent 184 (seropositive/ seronegative herd), a mixed-effects univariable logistic regression was used to 185 screen management factors for potential statistical influence. Herd size effect on the occurrence of severe reproductive outcomes was expected, e.g. larger herds were more likely to report an 187 abortion, stillbirth, metritis or retention of the placenta. Hence, an adjustment was made for 188 herd size by including its natural logarithm (ln (herd size)) as an offset in the logistic model for 189 the disease outcomes. This was not done for the infection outcomes, as this was based upon a 190 more systematic sampling in the herds. Factors with a p-value less than or equal to 0.20 from 191 univariable analyses were used as candidate variables for subsequent multivariable modelling.
192
The multivariable mixed-effects logistic models were established using the melogit procedure 193 in Stata with canton as a random effect. Models were built using a backward selection procedure
194
[15] with a set p-value less than or equal to 0.05 (5%) of the Likelihood Ratio test as exclusion 195 criteria. After modelling all the management variables, the effect of herd infection status (N. command-language syntax. The model was built using the same strategy as the logistic model, 210 but with a causal model specified. Additionally, the causal model was then specified graphically 211 using the online software for Directed Acyclical Graphs (DAGitty) (Fig 2) [20]. As SEM allows 212 an assessment of direct and indirect effects, we were able to reduce the standard logistic models 213 further into more realistic causal models.
214
Assumed farm production constraints were analysed graphically using pivot functions in 215 Microsoft Excel ® and visualised through a radar graph in Microsoft Excel ® . Graphs were split 216 according to herd size groups (quartiles), the variable found to determine the owners' 217 approaches to production constraints.
Results

219
The study participants were distributed across three cantons of BH. The data were collected in 220 a total of 19 municipalities and 94 local communities. There were a total of 66 (33.5%) farms Grasslands that cattle use for grazing surround the farm are displaced by a different distance 229 from the farm. Farm facilities are usually located in the rural area, next to the family house.
230
Housing and management 231 The distribution of farms by housing characteristics in three cantons in BH is shown in Table   232 1. In most of the visited farms (193/197, 98%) , animals were tethered in the barns on wooden 233 or concrete flooring.
234
Insert Table 1 here 235 A quarter of all farms used a combination of these two types of flooring. A total area of the 236 barn's facilities ranged from 20 to 4000 square meters, depending on herd size. Consequently, 237 the laying area ranged from 1.5 to 5 m 2 per animal. The majority (85%) of the farms had 238 separate pens for calves, while a small number of the farms had separate calving pens.
239
Substantial differences in farm management between cantons were observed. They are reflected 240 in the farm size, number of animals per farm, and the breed composition. Also, there was a substantial difference in the presence of dogs and poultry on the farms in three cantons. On the 242 other hand, there was no difference in feeding management between cantons.
243
Insert Table 2 here 244 In Table 2 , basic information about herd sizes and management strategies are presented. The 245 overall median number of herd size in the selected farms was six animals (range from 1 to 584).
246
Despite the small number of cattle per farm, the majority (67.5%) of the farms used their stock 247 as a source of replacement, while a limited number of the farms (5.1%) exclusively purchased 248 animals for replacement. The breed composition of cattle in the selected farms was 249 heterogeneous, with the Simmental as the most common breed observed in 76% of the farms.
250
Distribution of farms by the presence of other domestic animals is shown in Table 3 .
251
Insert Table 3 here 252 A total of 28.4% of the farms were exclusively cattle farms, while other farms practised 253 combined keeping cattle with small ruminants (sheep and goats), poultry or horses. Also, more 254 than half of the farms had companion animals, (dogs and cats). A total of 54.3% farmers have 255 noticed stray dogs in and around their premises, especially in suburban areas. In 46.2% of farms, 256 game (roe deer, wild boars, foxes) were observed within farms facilities or on grasslands. Stray 257 dogs were included in the questionnaire as variable of interest as they are definitive host of N. 258 caninum [8], and could directly and indirectly be included in the persistence of that agent in 259 farms, while game can serve as a mechanical carriers of the studied infectious agents. A total 260 of 48.7% of farmers reported herd-to-herd contact, mainly in the more densely populated 261 villages close to cities. Rodents were observed in 46.7% of farms, and were more often found 262 on larger farms that had a feed storage. Non-migratory wild birds were observed in a total of 263 74.1% of farms, with slightly difference between visited regions.
Depending on the season, roughage was based on grazing, feeding by cereals, industrial by-265 products and hay. Predominantly larger farms, i.e. farms with the greater number of animals 266 (37.6%) have also used corn and grass silage. Water supply was ad-libitum usually coming 267 from public or private sources (Table 4) .
268
Insert Table 4 here 269 270 Reproductive outcomes 271 The median age of animals at first artificial insemination was 15 months (range 11-24). reproductive problems is shown in Table 5 . Reproductive problems such as abortion, stillbirth, 276 metritis, and retained placenta were observed with substantial differences between cantons.
277
Less observable disorders such as anoestrus, silent oestrus, and repeat breeder cows were 278 recorded, but information on these was incomplete and are not included in the paper.
279
Insert Table 5 here 280 All potential factors listed in Tables 1-5 were tested in the univariable logistic regression. Table 8 . Production constraints 309 Independent of herd size, the lack of market access due to production underperformance, and 310 low purchasing prices of bovine products were the most common production constraints of all 311 cattle farms in three cantons in BH (Fig 3) . Canton 10 were mostly medium-sized to large, while farms located in the Central-Bosnia 319 Canton were mostly small farms. Consequently, the number of animals per farm, and the breed 320 composition were found significantly different. Also, the presence of poultry, companion 321 animals (dogs and cats), wild birds, and rodents on the farms in three cantons were found 322 significantly different. There were no differences between feeding practices between cantons.
323
In this study, the SEM was used as a confirmatory approach for assessing potentially 324 unobserved direct associations between outcomes and predictors. Based on the results from the 325 multivariable logistic regression, four different causal complexes were identified. In the 326 following, we discuss the findings based on the SEM model in Table 8 / Fig 2. 327 Abortion -Stillbirth -N. caninum herd seropositivity complex 328 One or more cases of abortion were observed in a total of 46.2% of the visited farms. Herds 329 that were seropositive to N. caninum were more likely to report abortions compared to the herds 330 that were seronegative to N. caninum. Several studies have observed an association between N. 331 caninum seroprevalence in cattle herds and increased risk of abortion [21] [22] [23] . This is explained 332 by an increased abortion risk because of vertical (latently infected dams) and horizontal 333 transmission of N. caninum. 334 Results from the multivariable logistic regression showed that farms with dogs reported more types. This could partially be explained by the calving management and calving assistance.
355
There was an increased number of stillborn calves reported in the municipality of Livno (Canton observed. This finding is not surprising, as dogs are definitive hosts of N. caninum. Also, the farmer usually keeps dogs for many years, and it is often more than one dog per farm. In most 364 epidemiological studies related to N. caninum, the presence of the farm dogs was found a risk 365 factor for seropositivity in cattle [21] [22] [23] [24] [25] . However, caution is needed in the interpretation of 366 these results. The Hosmer-Lemeshow goodness-of-fit test for the multivariable logistic 367 regression model showed a lack of fit. It may be partially explained by the low number of groups 368 in which the data were divided (n=4), while the recommendation is a minimum of 6 groups to metabolic disorders which represent a risk factor for the appearance of the retained placenta 379 [27, 28] . Also, contact between herds seemed to be a substantial factor contributing to the 380 appearance of retained placenta, possibly due to the transmission of infectious agents which 381 can result in problems in the puerperium [7] . Additionally, such contact between animals in the 382 field could plausibly mediate a part of the effects of uterine disease through social stress [29] .
383
Herds that reported retained placenta had more (OR=9.4) metritis cases. The feature of the 384 retained placenta as a predisposing factor for metritis is well documented [30, 31] . Manual 385 removal of the retained placenta to prevent the source of infection is the dominant treatment 386 among local veterinarians in the study area (Personal communication, January-August 2015).
387
However, manual removal of an attached placenta may cause damage to the endometrium and could lead to bacterial invasion [32] . The retention-metritis complex, as shown by the SEM 389 model, was associated with management factors, and we could not identify any infectious link 390 here. 392 Farms that reported the presence of birds (pigeons, sparrows, swallows) had more (OR=11.0) 393 animals seropositive to C. abortus compared to farms that did not report the presence of birds 394 in their farm premises. Sachse et al. [33] found a few positive pigeons to C. abortus in their 395 study of C. psittaci. Migration of these birds and their contact with dairy cattle or farm 396 equipment could probably contribute to transmission of the agent, and consequently 397 seropositivity in dairy cattle. Herds on the farms that noticed rodents (mice and rats) had more 398 C. abortus (OR=4.0) compared to herds on the farms with no rodents in their farm facilities.
391
C. abortus
399
Contrary to our findings, Sun et al. (2015) reported that management factors and presence of 400 Muridae in farms were not associated with seropositivity of cattle to C. abortus [34] . Also, 401 there was an association between dogs' presence on the farm and seropositivity of dairy cattle.
402
This complex was mainly linked to contact with other animals or environmental sources.
403
C. burnetii 404
Seropositivity to C. burnetii was associated with many farm management factors, contact 405 between herds in the field, and presence of stray dogs in and around farm facilities. A possible 406 explanation for this association is reflected in the indication that dogs (companion or feral) can 407 be a potential reservoir species and source of infection for animals and humans [35] .
408
Additionally, stray dogs as a population of homeless, abandoned dogs could be a particularly Herds that have contact with other herds on the common pastures had more seropositive to C. 413 burnetii compared to isolated herds (OR=2.8). Contact with infected herds, contaminated 414 equipment or biological material or other intermediate host seemed to be a possible explanation 415 for this finding. Additionally, partial grazing system could favour seropositivity to C. burnetii.
416
After re-housing in the winter period, seropositivity could be partially explained by exposure 417 to aerosols or contaminated material [37] . Neospora infection, and we could also show the strict causality between placental retention and 422 metritis, as the SEM models allow mediating effects in the model. A standard logistic model 423 would not do this, as we would have to choose between correlated intervening variables. We 424 did not assess model fits directly in SEM, as this was done in the original logistic models. The 425 primary purpose of the SEM model was to reduce the complexity of the multivariable models 426 and use SEM as a confirmatory technique to identify potential causal pathways.
427
The question of using appropriate statistical methods is a crucial part of epidemiological 428 research. The development towards using mathematically more complex model has been fast, 429 and today multivariable, multilevel regression has become a standard in analysing data from 430 veterinary epidemiological studies, where hierarchical clustering often occurs. However, causal 431 modelling has been used less. Most modern literature on causality and directed acyclical graphs, 432 as used in this paper, is based upon the seminal book Causality by Judea Pearl [38] . In this book 433 he argues well for using causal models including DAGs and either SEM (as used in this paper) 434 or Bayesian Networks in causal inferences. Notably, these models are more efficient that 435 traditional regression to deal with central topics as confounders and colliders, and also the 436 complex problem of mediating variables. We support the idea that causal modelling is necessary in veterinary epidemiology, a science where we aim at suggesting interventions in populations illustrate the benefits of applying the SEM approach in elucidating potentially causal pathways 485 in analysing complex epidemiological data. Occurrence of the wild birds in the farm (birds) 10.9 3.6-33.5 <0.001
Occurrence of the rodents in the farm (rodents) 4.0 1.0-15.5 0.044
